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ABSTRACT
High temperature alloys have been extensively used in many applications, such as furnace
muffles, fuel nozzles, heat treating fixtures and fuel nozzles. Due to such conditions these
materials should have resistance to cyclic loading, oxidation and high heat. Although there
are numerous prior experimental and theoretical studies, there is insufficient understanding
of application of the unified viscoplasticity theory to finite element software for fatigue life
prediction.
Therefore, the goal of this research is to develop a procedure to implement unified vis-
coplasticity theory in finite element (FE) model to model the complex material deformation
pertaining to thermomechanical load and implement an incremental damage lifetime rule to
predict thermomechanical fatigue life of high temperature alloys.
The objectives of the thesis are:
1. Develop a simplified integrated approach to model the fatigue creep deformation
under the framework of ‘unified viscoplasticity theory’
2. Implement a physics - based crack growth damage model into the framework
3. Predict the deformation using the unified viscoplastic material model for ferritic
cast iron (Fe-3.2C-4.0Si-0.6Mo) SiMo4.06
4. Predict the isothermal low cycle fatigue (LCF) and LCF-Creep life using the
damage model
In this work, a unified viscoplastic material model is applied in a FE model with a combi-
nation of Chaboche non-linear kinematic hardening, Perzyna rate model and static recovery
model to model rate dependent plasticity, stress relaxation, and creep-fatigue interaction.
Also, an incremental damage rule has been successfully implemented in a FE model. The
calibrated viscoplastic model is able to correlate deformations pertaining to isothermal LCF,
LCF-Creep and thermal-mechanical fatigue (TMF) experimental deformations. The life pre-
dictions from the FE model have been fairly good at room temperature (20°C), 400°C and
550°C under Isothermal LCF (0.00001/s and 0.003/s) and LCF-Creep tests.
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The material calibration techniques proposed for calibrating the model parameters re-
sulted in a fairly good correlation of FE model derived hysteresis loops with experimental
hysteresis, pertaining to Isothermal LCF (ranging from 0.00001/s to 0.003/s), Isothermal
LCF-Creep tests (with hold time) and TMF responses. In summary, the method and mod-
els developed in this work are capable of simulating material deformation dependency on
temperature, strain-rates, hold time, therefore, they are capable to modeling creep-stress




A variety of metallic components across the transportation, aviation, power, and electron-
ics industry are operated at high temperature and experience complex thermal-mechanical
loads. For instance, in thermal power plant segment in order to improve efficiency and
comply with the emmission standards these power plants are operated at peak steam tem-
perature of 760C and pressure as high as 350 bar. In the electronic industry, the increasing
power density and usage in harsh environments experiences cyclic thermal-mechanical loads
on the PCB’s, solder joints and the electronic packaging. Whereas in the transportation in-
dustry, the internal combustion engine components undergo rapid cyclic thermal loads and
vibrations [ 1 ].
In the design and reliability analysis of mechanical components, the performance of high
temperature components is a primary concern, especially in determining their safe life. At
high temperatures the material response become strain rate sensitive and other mechanisms
like creep and oxidation influences the overall durability and life of the components and are
often the primary damage mechanisms causing the failure.
In metals the predominant damage mechanisms are creep, fatigue and oxidation. It
is known that the damage due to fatigue load is not instantaneous, but it is a result of
a steady accumulation of damage and it depends upon the loading history. During the
fatigue response, various complex damage mechanisms act, which depends on the thermal
and mechanical loads and boundary conditions and also upon the material microstructure.
Therefore, for investigation of the failure mechanisms of components in response to ther-
momechanical loading, it is necessary to have advanced numerical material models that can
simulate the complex material deformation and also can accurately predict the damage accu-
mulation. In particular, first it is required to have a constitutive deformation model capable
of simulating complex material behaviour, and secondly a damage accumulation model which
can accurately predict fatigue life.
15
1.1.1 Review of Plasticity Models
The total strain can be partitioned into thermal strain and mechanical strain, where the
mechanical strain is further partitioned into elastic and viscoplastic strains as described in
Equation  1.1 and Equation  1.2 . The constitutive modeling of the viscoplastic strain has
traditionally followed a non-unified approach where the cyclic plastic strain and creep strain
are partitioned as described in Equation  1.3 .
εT = εm + εth (1.1)
εm = εe + εvp (1.2)
εvp = εpl + εcr (1.3)
Non-unified models, which consider the partition between plastic and creep strains, have
been found to be incapable of predicting acceptably certain deformation features such as
cyclic creep, also known as ratcheting, and creep-plasticity interaction [ 2 ], [  3 ].
The constitutive models for creep have been done separately from cyclic viscoplasticity
models, based upon various phases (primary, secondary, and tertiary) of creep responses.
As a result, the creep equations which have been developed are exclusively for the creep
responses where the rate process of creep, which is thermally activated, is modelled using
the Arrhenius type of temperature dependant equation. These creep models are developed
without considering the interactions of viscoplasticity and their constitutive framework is
not applicable to cyclic response simulations [  3 ]. Also, since the combined effect of plasticity
and creep is measurable, as shown in experiments of Niitsu [ 4 ] the associative hardening
effects of coupling plastic and creep strains, they cannot be treated separately. Thus, non-
unified approaches are incapable of predicting certain deformations such cyclic creep and
creep-plasticity interaction. Therefore, there is a need to implement constitutive deforma-
tion models which can represent inelastic deformation such as plasticity, creep, and stress
relaxation as a single inelastic strain.[ 3 ]
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1.1.2 Review of Damage Model
Various parametric damage models are available such as models-based on plastic strains
like Coffin-Mansion, stress-based models like Basquin, Goodman, Walker, and energy-based
models like Dasgupta. Parametric models are often based on strain partitioning and consid-
ers the damage accumulation due to various damage mechanisms explicitly by additive life










There are also approaches such as the accelerated cyclic integration approach or the
cycle jump method in which the solution variables are extrapolated by jumping over the
intermediate cycles and mathematically expressed as the global long-term trend, as shown
in Figure  1.1 .
Figure 1.1. A schematic of a cycle jump method in FEA [ 5 ]
Above approaches, like the Parametric modelling are often based on strain partitioning
and considers the damage accumulation due to various damage mechanisms explicitly by
additive life fraction rule, as expressed in equation 1.4. Such models cannot reproduce the
dependency of damage on cycle times (strain rate), temperature, stress and strain history
appropriately [ 6 ]
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Besides, these lifetime rules are not advantageous since they do not consider the complex
loading path or the loading histories so that complex histories like creep-fatigue interaction
and multiaxial loading can be evaluated. Such models use a purely phenomenological model
for fatigue. Hence lifetime models are needed that refer to the physics-based damage mech-
anism, namely the growth of cracks, and that are able to reproduce the dependency of crack
growth rates on cycle times, strain amplitudes, mean stress, and temperature [  6 ]
1.2 Motivation
Given the above discussion, it is noted that although there are numerous prior experimen-
tal and theoretical studies, there is insufficient understanding of application of the unified
viscoplasticity theory to finite element software for fatigue life prediction. To investigate the
failure mechanisms of components in response to thermomechanical loading, it is necessary to
have advanced numerical material models that can describe the complex material behaviour
and can accurately predict the deformation and damage accumulation. In particularly, the
following studies are needed:
1. A constitutive deformation model which can represent total inelastic strain, which
is plastic strain and creep strain, as a combined inelastic strain
2. Damage models that can take into consideration the deformation history (in
response to thermo-mechanical loads) and the physics (crack growth) to evaluate
fatigue life
1.3 Goal and Objective
The goal of this research is to develop a procedure to implement unified viscoplasticity
theory in finite element (FE) model to model the complex material deformation pertaining
to thermomechanical load and implement an incremental damage lifetime rule to predict
thermomechanical fatigue life of high temperature alloys. Also, in addition to this another
objective is to model the high temperature, fatigue -creep deformation of Ferritic Ductile Cast
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Iron (Fe-3.2C-4.0Si-0.6Mo) in response to isothermal LCF, LCF-Creep and non-isothermal
TMF loading and to predict crack initiation life of SiMo4.06 using Finite Element Method.
This research is therefore focused on the following objectives:
1. To develop a simplified integrated approach to model the fatigue creep deforma-
tion under the framework of ‘Unified Viscoplasticity theory’
2. Implement a physics - based crack growth damage model into the framework
3. Predict the deformation using the Unified Viscoplastic material model for ferritic
cast iron
4. Predict the isothermal LCF and LCF-Creep life using the damage model
1.4 Structure of the Thesis
The structure of the thesis is such that, the formulation of the physics-based damage
model is discussed in chapter 2, followed by the application of the damage model for fatigue
life prediction is discussed in chapter 3, while chapter 4 is about FEA predictions and results
19
2. FORMULATION OF PHYSICS-BASED DAMAGE MODEL
Formulation of a damage model firstly requires modelling of deformation to accurately predict
the deformation in response to thermomechanical loads, followed by damage modelling.
Thus, in following sections formulation and plasticity modelling is discussed, followed by
damage modelling.
2.1 Formulation of Unified Viscoplasticity Model
The formulation of the Viscoplastic model involves following steps and discussed below:
1. Flow rule
2. Kinematic hardening rules
2.1.1 Viscoplasticity Theory and Flow Rule
The unified viscoplasticity theory, accounts for all the aspects of creep, plasticity and
stress relaxation are represented by a single inelastic quantity. In viscoplasticity theory,
chaboche described the stress in excess of yield surface as overstress or viscous stress [ 7 ].
Chaboche also showed that the relationship between the viscous stress and the plastic strain
rate norm is highly non-linear which formed the basis of flow rule as expressed in Equation







Thus, the overstress forms the basic quantity to define viscoplastic potential [ 3 ], such





J(σ − α) (2.2)
Where J(sigma - a) is the von-misses invariant expressed as:
J(σ −α) =
[3





And the von-misses criteria used is:
f(σ −α) = J(σ −α)− σo −R = 0 (2.4)
2.1.2 Kinematic Hardening Rule
The Chaboche model for non-linear kinematic hardening in cyclic viscoplasticity model




in − γiaiṗ− bjJri−1a,i ai (2.5)
1. First term in ( 2.5 ) is the Inelastic linear strain hardening based on Prager, 1949
[ 9 ]
2. Second term in ( 2.5 ) is the Nonlinear dynamic recovery based on Armstrong-
Frederick, 1967 [ 10 ]
3. Last term in ( 2.5 ) is the Static recovery based on creep modeling of Malini et al.,
1972 [ 11 ]
Above terms are elaborated in the following section:
Rate Independent Kinematic Hardening
Most of the materials, show tension- compression unsymmetric by a phenomenon called
as Bauschinger effect. At the same time during the cyclic loading, the peak stress evolution
is such that materials tend to stabilize early without any increase in the yield surface like the
isotropic hardening as described in previous section. Such a behaviour is known as Kinematic
hardening behaviour.
Numerically, kinematic hardening leads to a shift in the yield surface in the stress space
as shown in Figure  2.1 , with the aid of an internal variable termed as back stress α. The
yield surface takes the form as described in equation  2.6 , where α is a back stress tensor.
F(σ − α, k) = 0 (2.6)
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The back stress is the centre of (or the origin) and plastic loading from f(σ(t1)) to f(σ(t2))
results in a change in the backstress and therefore a shift in the yield surface [ 12 ].
Figure 2.1. Kinematic hardening of the yield surface [ 12 ]
Figure 2.2. Yield stress evolution for Kinematic hardening [ 12 ]
The variation of the yield stress upon reversal of load is shown in Figure  2.2 , which enable
the kinematic hardening model to simulate the Bauschinger effect, in which the centre of
the yield surface moves in response to plastic strain increment. Although the variation
in stress after yielding as shown in Figure  2.2 is linear, but metallic alloys shows a non-
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linear evolution of stress or hardening. Numerically, this non-linear hardening response to
plastic strain increment is captured by incrementing back stress (alpha) in correspondence
to increment in plastic strain and at the same time making it a function of the current back
stress value which makes the curve nonlinear. The Chaboche Kinematic Hardening model is
a nonlinear kinematic hardening rule which involves the superposition of several back stress
tensor terms , as given in equation  2.7 , to descibe the non-linear hardening and realistic





Where n is the number of kinematic models to be superposed such that the evolution
of each back stress model in the superposition in the kinematic hardening rule is given by




vp − γlaiṗ (2.8)
Where Ci and Yi are materials constants to be calibrated, (symbol eph dot) the plastic
strain rate, and (symbol)is the magnitude of the plastic strain increment. The yield criterion




2(s−α) : (s− a)−R = 0 (2.9)
Stress Relaxation
As mentioned in equation  2.5 , the last term in the viscoplastic model is the static recovery
term. Static recovery provides creep and thermal recovery for low strain rates and high





vp − γlatṗ− brJη−1a,t at. Ja,i =
√
3
2ai : ai (2.10)
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In situation where the material is held at constant strain at a temperature greater than 0.4
times the homologous temperature for a period of time, as shown in figure  2.4 (a), the stress
amplitude decreases gradually with time. This phenomenon is known as Stress relaxation
and is depicted in Figure  2.4 (b). Plastic deformation occurs because of dislocation motion
under the influence of stress. The dislocations further interact and entangle with each other
as the plastic deformation progresses, thereby increasing the dislocation density.
Figure 2.3. a) Annihilation and b) reorganisation of edge dislocations in a
crystal lattice [ 13 ]
Figure 2.4. Typical Stress relaxation trend during the strain -dwell period.
a) Applied strain, b) Induced stress relaxation. [ 14 ]
As the temperature increases, the dislocations become mobile and are able to climb, cross
slip and glide. When the total strain is constrained during the dwell period in strain control
LCFC tests, the dislocations then travel in the opposite directions and cancels each other
out by aligning as shown in Figure  2.3 . Since each dislocation is associated with stored strain
energy which contributes to the material’s total strain energy, when two dislocations meet,
they essentially cancel out their contribution to the stored energy. This process is called as
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dislocation annihilation, which leads to decreased dislocation density and results in recovery
and stress relaxation, manifested as the hyperbola function as shown in Figure  2.4 .[ 15 ]
2.1.3 Formulation of Damage Rule
There is another class of damage model based on the stabilized response which considers
a continuous damage evolution during each cycle, called as Incremental lifetime model. Here
an ordinary differential equation (ODE) is formulated with respect to internal variables to
model the damage evolution during the cycle. The ODE evaluates the change in damage
based on the change in the magnitudes of the internal variables for each time increment.
Thus, an integration, encompassing each time increment results into the accumulation of
damage within the cycle. It is because of this integration procedure, the respective models
based on the ODEs in time are denoted as incremental lifetime models.[ 16 ]
Like the parametric models, the incremental life rules are especially efficient for those
applicable to materials which manifests a stabilized response in initial cycles so that the
damage accumulated in a stable cycle (δ D) is considered same for each cycle throughout
the loading history until failure. Thus, the overall life span can be approximated by taking
the inverse of D (Nf = 1/ D). Where the damage variable D, lies in the range 0 < D <
1, where D = 1 implies the appearance of a technical crack with the order of size of a few
millimetres.[ 16 ]
The incremental life consumption rule calculates the damage accumulation by time in-
tegration along the loading path and therefore accounts for the damaging impact of any
loading state. This makes the incremental lifetime rules more advantageous compared to
parametric models, since they consider the loading histories so that complex histories like
creep-fatigue interaction and multiaxial loading can be evaluated.
In a component under Thermomechanical load, microcracks nucleate in the regions on
material imperfections like voids, pores, oxide spikes, dislocation pile ups or interfaces of
persistent slip bands. Under cyclic loading these microcrack grow and coalescence together
to form a macrocrack (technical crack). It is the cycles required for the growth of these
microcrack to form macrocrack that defines the lifetime of the material.
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One such incremental damage rules, which is a creep-fatigue damage rate equation is
proposed by S. Mujumdar [ 17 ]. The damage rate equation takes into account the effect of
plastic strain and strain rate, such that the growth of each microcrack from a0 to af is the
lifetime mechanism. This damage rate equation is expressed first as crack growth Equation
 2.11 which was modified to make Equation  2.11 independent of crack length by introducing
a damage parameter D as represented in Equation  2.12 
da
dt
= ȧ = Ca |εin|m1 |ε̇in|nt (2.11)
Ḋ = Cln (af/a0)
|εin|mi |ε̇in|ni (2.12)
D := ln (a/a0)ln (af/a0)
, 0 ≤ D ≤ 1 (2.13)
where ε and ε̇ are the plastic strain and strain rates in the uniaxial case. Equation  2.12 
was further modified to replace the Ein by equivalent stress since the effect of creep is more










where σeq is the Mises equivalent stress, is the inelastic Mises equivalent strain-rate as
defined in Equation  2.14 and ṗ0 is a normalisation constant. The material parameters A
and m describe the stress-dependence of the lifetime behaviour. The parameter n describes
the time-dependence of the lifetime such that for rate-independent behaviour n is equal to
1, whereas n equal to zero means that a fully time dependant behaviour [ 18 ]
Further,σeq in equation  2.14 was replaced by Equivalent Inner Back Stress Xeq to suit















Equation  2.15 is further integrated over the stabilized cycle to calculate the damage












∆D −→ Nf =
1
∆D (2.16)
Above mention damage rate and incremental lifetime rule has shown fairly good corre-
lation for Ni-Resist D-5S cast iron alloy in response to isothermal and TMF loading [  16 ], as
shown in Figure  2.5 
Figure 2.5. Experimental and simulated life correlation using incremental
lifetime rule for Ni-Resist D-5S alloy. The filled circles represent LCF tests,
the squares represent non-isothermal IP tests and the diamonds show non-
isothermal OP tests. The highest temperature of the TMF tests is indicated
by the colour [ 16 ]
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2.1.4 Implementation of Models in FEA
Implementation of Unified Viscoplasticity model in FEA
In presented study, material viscoplasticity and damage modelling are implemented in
ANSYS software. In Ansys there are several numerical models present and the Unified
Viscoplastic model can be developed by a combination of Kinematic hardening, Perzyna
Viscoplastic and Static Recovery models, which are discussed below:
1. The non-linear variation of stress -strain for all the conditions, is appropriately
modelled by a non-linear kinematic hardening model for deformation. Thus,
chaboche non-linear kinematic hardening model is selected, as shown below in








2. To simulate the rate sensitivity, which implies the rate independent regime, can be
modelled in Ansys using Perzyna Viscoplastic model expressed in equation  2.18 ,











3. To exhibit stress relaxation behaviour during the dwell period in LCFC tests. This
response can be modelled in ANSYS by adding static recovery term (Equation
















Thus, with combination of Equation  2.18 and Equation  2.20 , a unified viscoplastic mate-
rial model combination is capable to simulate strain-rate effect and stress relation behaviour.
2.1.5 Implementation of Damage Model in FEA
The incremental lifetime rule as described in section 2.2 is implemented using Ansys
Customisation Tool kit as shown in figure  2.6 
Figure 2.6. Damage model interface in Ansys
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3. APPLICATION OF THE DAMAGE MODEL FOR FATIGUE
LIFE PREDICTION
Presented case study is based upon the implementation of unified viscoplasticity theory as
discussed in chapter 2 to model the deformation of SiMo4.06 Ductile Cast Iron in response
to isothermal LCF and TMF loads, and implementation of incremental lifetime rule as
mentioned in section 2.2 to predict isothermal LCF life in FEA software.
3.1 Material Characterisation
Cast irons are ferrous alloys that contains more than 2% wt. carbon. There are three
type of cast irons in general as grey iron, compacted graphite cast iron and ductile cast iron.
These cast irons are classified according to their graphite shape as shown in Figure 3.1.
SiMo is a group of ferritic ductile cast irons alloyed with Si and Mo. Ferritic cast iron
materials are often used for high temperature applications like the exhaust manifolds, tur-
bine housing, cylinder head and block because of low costs, high heat conductivity and low
coefficient of thermal expansion compared to austenitic materials [ 6 ].
Figure 3.1. Morphologies of different graphitic cast irons, such as grey iron,
compacted graphite iron and ductile iron [ 20 ]
30
Microstructure Analysis
SiMo4.06 (Fe-3.2C-4.0Si-0.6Mo) consists of uniformly distributed graphite nodules and
Mo-rich eutectic phases formed in cellular structure. The shape of these nodules (dark) is
spherical, and its diameter varies from 10 µm to 30 µm. The eutectic cell (diffuse grey) is
close to 100 µm, and the thickness of the eutectic segments Figure  3.2 is about 2 µm in
thickness, distributed along grain boundaries [  21 ]. The microstructure of the DCI is shown
in the Figure  3.2 below.
The silicon and molybdenum content raises the oxidation resistance, the stability of the
ferritic matrix and the creep strength at high temperatures in comparison with unalloyed
grey irons [ 22 ]
Figure 3.2. Optical micrographs of high Silicon (Fe-3.2C-4.0Si-0.6Mo)
SiMo4.06 DCI with the cell boundaries (diffuse grey contrast around) resolved
by etching. The arrows indicate the Mo-rich eutectic primary carbide phase
[ 21 ]
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Chemical, Mechanical and Thermophysical Properties of SiMo4.06
The chemical composition of the Ductile Cast Iron is mentioned in the Table  3.1 . This
composition of DCI also referred to as SiMo4.06 Cast Iron.
Table 3.1. Nominal Chemical Compositions of the Tested Materials (Weight
Percent) [ 21 ], [  22 ]
Si C Mo Mn Cr Cu Mg P Ni AL
4.10 3.21 0.55 0.394 0.085 0.066 0.048 0.038 0.024 0.018
Mechanical and thermophysical properties are essential to obtain so as to conduct the
steady state (isothermal) and transient thermal simulations using the numerical model. The
temperature dependant physical properties such coefficient of thermal expansion, thermal
conductivity, specific heat, and density are depicted in Figure 3.3. Additionally, temperature
dependant young’s modulus and yield strength, as shown in Figure 3.4, are obtained from
the report [ 23 ].
Figure 3.3. Coefficient of (a) thermal expansion, (b) density, [ 24 ]
32
Figure 3.4. (c) thermal conductivity, (d) specific heat, [ 24 ]
Figure 3.5. (a)Young’s modulus and (b)Yield Strength [ 24 ]
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3.2 Finite Element Model
FEA is conducted using a single element model as shown in Figure  3.6 ,  3.7 . A uniax-
ial loading case is simulated where three sides of the element, (sides normal to each axis)
are applied Roller support, called as Frictionless support in Ansys. As a thermal loading,
temperature is applied over the face normal to y-axis as per the test conditions.
Figure 3.6. Single Element FEA model: a) frictionless support, b) body temperature




To characterise SiMo4.06 material’s response to thermomechanical loads and dependency
on parameters like temperature, strain rate and hold time, various isothermal LCF and LCFC
experiments were conducted by M. Bartosak [ 25 ] and TMF experiments were conducted by
Wu [ 26 ], which are mentioned as follows:
Isothermal Low Cycle Fatigue (LCF) test - Without holdtime
1. Strain rate: 0.003/s + Strain amplitude = 0.006
(a) T = 20°C
(b) T = 400°C
(c) T = 550°C
(d) T = 650°C
2. Strain rate: 0.00001/s + Strain amplitude = 0.006
(a) T = 400°C
(b) T = 550°C
(c) T = 650°C
3. Strain rate: 0.0001/s + Strain amplitude = 0.006
(a) T = 550°C
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Figure 3.8. Strain controlled LCF test loads: a) Temperature history, b)
strain history [ 25 ]
Isothermal LCF-Creep test, With holdtime (th) of 300 seconds:
1. Strain rate: 0.003/s + Strain amplitude = 0.006
(a) T = 400°C
(b) T = 550°C
(c) T = 650°C
Figure 3.9. Strain controlled LCF-Creep test loads: a) Temperature history,
b) strain history [ 25 ]
Constrained Thermomechanical Fatigue (TMF) Test
The TMF tests were conducted in accordance with ASTM E2368, with a minimum tem-
perature of 160°C and maximum temperature of 600°C. In this test, the mean temperature
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was 380°C and thermal strain equation was determined such that thermal strain was set zero
under zero load for the DCI and offset [ 26 ] at 380°C as shown in following Figure  3.10 
Figure 3.10. Thermal expansion curves offset at 380°C (653 K) [ 26 ]
Then a constrain ratio was established as per equation  3.1 . and TMF test were conducted
at three constrained ratio conditions: 100%
η = εth − εt
εth
(3.1)
For each of the constrained ratio test, the temperature profile with which TMF tests are
performed is shown in Figure 3.9.
Figure 3.11. Temperature profile and cycle time for constrained TMF test [ 26 ]
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4. RESULTS AND DISCUSSION
4.1 Parameter Estimation for Unified Viscoplastic Model
The most important steps after the selection of the material models to be implemented
to model the deformations, is the parameter estimation. The chosen material model in
Equation  2.18 and Equation  2.20 has several constants to be determined along with the
Yield strength and Young’s modulus.
Thus, a procedure is followed to determine the constants for the unified viscoplastic model
as per [ 3 ], which is described below:
1. Determine the Young’s modulus and yield strength from the stabilized hysteresis
loop for each temperature
2. Estimate initial parameters for the chaboche rate independent non-linear kine-
matic hardening model without static recovery at highest available strain rate.
Calibrate the parameters
3. Use the values of chaboche constants calibrated in step-2 as initial estimate for
unified viscoplasticity model. Include the hysteresis data of all available strain-
rates for Perzyna model parameter determination and include stress relaxation
data for each temperature to determine constants for static recovery term in
chaboche model
4.1.1 Determination of Young’s Modulus and Initial Yield Stress
The Young’s Modulus is determined by taking the slope of the linear region in the hys-
teresis loop, as shown in Figure  4.1 . First, by subtracting the elastic strain from the total
strain, a plot of plastic stain vs stress (as shown in Figure  4.1 , second can be obtained from
which yield stress value is determined.
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Thus, yield strength and Young’s modulus for all the temperatures are calculated and
mentioned in Table 1 below:
Table 4.1. Calculated temperature dependent Young’s modulus (E) and Yield
stress (YTS)





Figure 4.1. a) Strain partitioning of hysteresis loop, b) Typical plot of in-
elastic strain vs stress [  27 ]
4.1.2 Parameter Estimation of Chaboche Nonlinear Kinematic Hardening Model
The initial parameters for the chaboche model are determined from stabilized hysteresis
loop experimental data obtained at each temperature. To accurately model the complex
deformation, a third order chaboche model is considered with 3 back stress terms as per the















Thus, the hysteresis loop can be divided into 3 regions as shown in Figure  4.2 . Part 1
is the initial onset of yielding, Part 2 is the knee of the hysteresis curve, and Part 3 is the
constant modulus segment.
Figure 4.2. Partitioning of hysteresis loop for Chaboche model [  28 ]
Using the described heuristic method, the initial material parameters can be estimated
as follows:
1. σo is the initial yield stress of the material
2. C1 in equation  4.1 is the slope in Part 1 of the stress-strain curve at the transi-
tion from elastic to plastic deformation. This value is approximately the plastic
modulus at yielding
3. Using equation  4.1 , Y1 should be large enough that the exponential term quickly
diminishes so that α is approximately constant outside of Part 1
4. C2 is chosen as a slope from Part 2
5. Y2 is calculated from the chosen C2 and the ratio C2/Y2 such that it satisfies
Equation  4.1 
6. C3 is the slope of the stress-strain curve in Part 3
7. Y3 is not included in equation  4.1 and is assigned a small positive value
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Once the initial parameters are estimated, a non-linear regression procedure is followed
to determine the material parameters that minimize the error between data and model
parameter to obtain fairly good curve fit for all the experiments.
Table 4.2. The calibrated constants for all the temperatures for the viscoplastic model
Parameters (20°C) (400°C) (550°C) (650°C)
C1 0 0.22 0.63 0.73
C2 0 0.18 0 0.00
C3 253.5 196.47 65.98 27.01
C4 14499119.16 344167.14 87603.13 2868021.34
C5 768462.31 3649.93 1172.73 26079.05
C6 336854.42 93762.82 16698190.78 32424.74
C7 2066.04 710.68 152176.62 1151.50
C8 39065.23 59.3 395.37 0.18
C9 10 0 0 0.00
C10 0 452.84 298172529.3 89480.43
C11 0 7.73 1 1.24
C12 0 2272.07 5504707.3 104488.60
C13 0 4.77 1 1.73
C14 0 4092.09 58090195.68 9808.29
C15 0 1.66 1 1.50
4.2 FEA Model Response Correlation With Experimental Tests
A single element Finite Element Analysis is performed in Ansys software to simulate the
stress-strain response to Isothermal LCF, LCFC and TMF tests, The FE results for these
tests are correlated with experimental tests and discussed in the following sections.
4.2.1 Isothermal LCF Test: T = 20°C, ε̇ = 0.003/s
Figure  4.3 represents the Stress-Strain hysteresis loops at midlife, where the data in or-
ange colour represents experimental data points and blue trend represent simulated FEA
result points. It can be seen from the figure below that the simulated FEA results corre-
lated well with experimental data at midlife. From [ 25 ] SiMo4.06 exhibits rate-independent
behaviour at room temperature (20°C) and therefore to numerically achieve this in a same
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set of governing viscoplastic equations, the viscosity parameter C2 in Perzyna Viscoplastic
model was assigned a very high value and strain rate hardening parameter C1 was assigned
zero. This is because, as C2 approaches infinity, the strain rate hardening parameter C1
approaches zero for the Perzyna viscoplastic model as given in Equation  2.18 and the solu-
tion thus approaches static rate independent solution. This test result is in accordance with
section 4.2, (1.a.i) and figure  3.8 represents the schematic of the loading conditions.
Figure 4.3. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 20°C LCF Test, 0.003/s
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4.2.2 Isothermal LCF Test: T = 400°C, ε̇ = 0.003/s & 0.00001/s
Figure 4.4. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 400°C LCF Test, 0.003/s
Figure  4.4 , and  4.5 represents the Stress-Strain hysteresis loops at midlife for the above-
mentioned test condition. This particular LCF test was done at 400°C and at this tempera-
ture and on wards SiMo4.06 shows rate sensitive behaviour [ 25 ] therefore a unique response
of the material is observed at each strain rate. Figure  4.6 shows the comparison of simu-
lated hysteresis loop at 0.003/s and 0.00001/s for the above loading conditions. The model
parameters derived from calibration techniques resulted to a fairly good correlation of the
FEA results with experimental observations at both the strain rates as shown in  4.4 , and
 4.5 . Thus, the model is able to simulate the strain-rate hardening effect well and can be seen
in Figure  4.6 , where higher strain rate (0.003/s) resulted to increased peak stress.
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Figure 4.5. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 400°C LCF Test, 0.00001/s
Figure 4.6. FEA correlation for Isothermal LCF at 400°C, 0.003/s and 0.00001/s [ 25 ]
This test result is in accordance with section 4.2, (1.a.ii) and (1.b.i) and figure  3.6 repre-
sents the schematic of the loading condition.
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4.2.3 Isothermal LCF test: T = 550°C, ε̇ = 0.003/s, 0.0001/s & 0.00001/s
Figure  4.7 to  4.11 represents the Stress-Strain hysteresis loops at midlife for the above-
mentioned test conditions. As mentioned in previous result discussion, SiMo4.06 above
400°C shows rate dependant behaviour. Thus at550°C, the strain rate dependent hardening
is simulated well and figure  4.7 demonstrates the simulated strain rate dependent behaviour
at 0.003/s, 0.0001/s and 0.00001/s strain rates.
For model parameter estimation, it was required that the model be able to simulate strain-
rate dependency along with stress-relaxation and therefore experimental data involved data
at 0.003/s, 0.0001/s & 0.00001/s and stress relaxation data during the holdtime. The model
FEA predicted deformations are fairly good when compared to experimental analysis. It is
observed that the model parameters correlate the maximum and minimum peak stress well,
and marginally overpredicts the behaviour after the onset of yielding in both tension and
compression at 0.003/s strain rate as shown in Figure  4.9 
Figure 4.7. FEA Hysteresis comparison at Isothermal LCF at 550°C,
0.003/s,0.0001 and 0.00001/s [ 25 ]
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Figure 4.8. Experimental Hysteresis comparison at Isothermal LCF at 550°C,
0.003/s,0.0001/s and 0.00001/s [ 25 ]
Figure 4.9. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 550°C LCF Test, 0.003/s
The predicted deformation at 0.0001/s and 0.00001/s in figure  4.10 and figure  4.11 ,
shows more variation in stress along the region after the onset of yielding in both tension
and compression compared to 0.003/s.
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Figure 4.10. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 400°C LCF Test, 0.0001/s
Figure 4.11. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 400°C LCF Test, 0.00001/s
This variation may be attributed due the declining slope of the stress strain curve as
strain rate is decreasing as shown in figure  4.8 . This test result is in accordance with section
4.2, (1.a.iii), (1.b.ii), (1,c,i) and figure  3.8 represents the schematic of the loading condition.
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4.2.4 Isothermal LCF Test: T = 650°C, ε̇ = 0.003/s and 0.00001/s
Figure  4.12 and  4.13 represents the Stress-Strain hysteresis loops at midlife for the above-
mentioned test condition. As shown in following figure, the slope of strain hardening after
the onset of yielding is comparatively low and this can be attributed to the more mobile
(less viscous) nature of SiMo4.06 at 650°C. The FEA results shows a good match with the
peak stresses at each reversal and overpredicts the stresses after the onset of yielding. This
is because, during the calibration, LCF test data at 0.003/s, 0.000001/s and stress relaxation
data was utilised to obtain all the model parameters, where the peak stress of 70 Mpa at
0.000001/s were close to the yield strength of 67 Mpa which resulted to a steep slope after
the onset of yielding for all the conditions. This test result is in accordance with section 4.2,
(1.a.iv), (1.b.iii) and figure  3.6 represents the schematic of the loading condition
Figure 4.12. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 650°C LCF Test, 0.003/s
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Figure 4.13. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 650°C LCF Test, 0.00001/s
4.2.5 Isothermal LCFC Test,T = 400°C, Th = 300s, ε̇ = 0.003/s
As discussed before, SiMo4.06 shows rate dependency at and above 400°C and so the
isothermal LCF tests in previous sections helped to characterise the rate-dependant harden-
ing behaviour. In addition to the LCF tests, a hold time of 300 seconds was introduced to
characterise the stress relaxation behaviour.
Figure  4.14 and  4.15 represents the hysteresis response to isothermal LCF-Creep test at
400°C. The vertical trend where the stress decreases at constant strain (at 0.006), represents
the response during the hold time. Since the holdtime is introduced in tension, the stress
relaxation trend is observed likewise at the end of first monotonic loading.
The model FEA response correlates well with the experimental observations and inter-
estingly the stress relaxation trend during the hold time also shows a good correlation as
shown. This test result is in accordance with section 4.2, (2.a.i) and figure  3.9 represents the
schematic of the loading conditions
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Figure 4.14. Stress-Strain Hysteresis comparison of Experimental [ 25 ], FEM
[ 25 ], FEM (this study) at Isothermal 400°C LCF-Creep Test, 0.003/s
Figure 4.15. Stress Relaxation comparison of Experimental [ 25 ], FEM [ 25 ],
FEM (this study) at Isothermal 400°C LCF-Creep Test, 0.003/s
4.2.6 Isothermal LCFC Test,T = 550°C, Th = 300s, ε̇ = 0.003/s
Figrure  4.16 and  4.17 represents the FEA simulation LCF-Creep response of SiMo4.06 at
550°C. The simulated FEA data shows a good correlation with experimental observations.
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The viscoplasticity model requires addition of a static recovery term and looking at the
correlation of FEA the parameter estimation can be concluded to be fairly accurate.
As seen in following figures, the stress relaxation has been simulated acculrately and as
a result the hysteresis loop correlated well with experimental data.
Figure 4.16. Stress-Strain Hysteresis comparison of Experimental [ 25 ], FEM
[ 25 ], FEM (this study) at Isothermal 550°C LCF-Creep Test, 0.003/s
Figure 4.17. Stress Relaxation comparison of Experimental [ 25 ], FEM [ 25 ],
FEM (this study) at Isothermal 550°C LCF-Creep Test, 0.003/s
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Further it can be noticed that the relaxed stress is more at 550°C compared to 400°C,
which can be related to increase annihilation during the stress relaxation with increasing
temperatures. This test result is in accordance with section 4.2, (2.a.ii) and figure  3.9 
represents the schematic of the loading conditions.
4.2.7 Isothermal LCFC Test,T = 650°C, Th = 300s, ε̇ = 0.003/s
The FEA simulation response to LCFC at 650°C is shown below. Figure  4.18 represents
the stress strain hysteresis loop showing stress relaxation while the strain is constant during
the hold time of 300 seconds. The model parameters lead to fairly accurate stress relaxation
simulation as shown in Figure  4.19 . A good correlation of stress relaxation led to good
correlation of stress-strain hysteresis loop as shown in following figures.
Figure 4.18. Stress-Strain Hysteresis comparison of Experimental [ 25 ], FEM
[ 25 ], FEM (this study) at Isothermal 650°C LCF-Creep Test, 0.003/s
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Figure 4.19. Stress Relaxation comparison of Experimental [ 25 ], FEM [ 25 ],
FEM (this study) at Isothermal 650°C LCF-Creep Test, 0.003/s
It is interesting to note that the relaxed stress is below half the peak stress at 650°C
and this trend of increased relaxed stress as the temperature increases has been observed
consistently from 400°C to 650°C. At 400°C, referring to figure 4.17 the relaxed stress is close
to the peak stress while at 550°C the relaxed stress is close to half the peak stress and at
650°C the relaxed stress is beyond half the peak stress which demonstrates the phenomenon
of increasing annihilation at higher temperature. This test result is in accordance with
section 4.2, (2.a.iii) and figure  3.9 represents the schematic of the loading conditions.
4.2.8 Constrained Thermomechanical Fatigue (TMF) FEA Results
The constrained TMF simulation correlation is the result of cumulative fairly accurate
FEA correlation with experiments at all the isothermal temperature LCF and LCFC test
conditions as discussed in previous sections. The deformation hysteresis trend is obtained
non-isothermal temperature (Tmin = 160°C and Tmax = 650°C) fully constraining the FE
model so that the mechanical strains are equal in magnitude and opposite in direction to
thermal strain also known as out-of-phase (100 percent)TMF.
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Figure 4.20. Stress-Strain Hysteresis comparison of Experimental [ 26 ], FEM
[ 26 ], FEM (this study) for Constrained (100 %) TMF Test
The model parameters have simulated the hysteresis loop with hold time with good cor-
relation with experimental midlife loop, as shown in figure  4.20 . It can be seen that the
model deformation varies in the region after the holding time is completed in the first quad-
rant. Now, it is important to verify the inelastic strain to ensure that the TMF simulation
correlates well. Following figure shows a good correlation of FEA and experimental inelastic
strains. This test result is in accordance with section 4.2, (3), equation  3.1 represents the
mechanical constrain condition and figure  3.11 represents the schematic of the temperature
profile.
Figure 4.21. Total Inelastic strain comparison of Experimental [ 26 ], FEM
[ 26 ], FEM (this study) for Constrained (100 %) TMF Test
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4.3 Parameter Estimation for Damage Rate Model















As per Mujumdar, [ 17 ] the parameter n is sensitive to strain rate and it varies within 0
and 1, where n = 1 means rate independent. This value of n can be calculated from log-log
plot of strain rate and time to failure and should be plotted for both the tensile and creep
test. Following [ 17 ], a log-log plot for LCF tensile failure rate is plotted as shown in  4.22 ,
and the parameter is estimated as in table 3. These estimated parameters are helpful to find
the final after the least square error minimization method.
Table 4.3. Calculated temperature dependent Young’s modulus (E) and Yield
stress (YTS)
T 0C A m n
20 237.587 5.832874 1
400 190 6.14 0.87
550 155 7.58 0.6
650 145 8.5 0.45
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Figure 4.22. Log-log plot of strain rate vs damage accumulation to estimate
parameters [ 17 ]
4.3.1 Fatigue Life Prediction and Correlation
In Ansys, the damage rate equation has been implemented using an ACT. After simulat-
ing the life at LCF, LCFC and TMF test it is observed that the calibrated values correlate
well for LCF test (both at 0.003/s and 0.00001/s) and LCFC tests at 20°C, 400°C and 550°C.
At 650°C the model correlates only at LCF at 0.003/s. Also, the TMF correlations are not
satisfactory. Figure  4.23 shows experimental and simulated life correlation.
Figure 4.23. Experimental and Simulated Fatigue life correlation at LCF,
LCFC test at 20°C , 400°C, 550°C and 650°C [  21 ]
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4.4 Unified Viscoplasticity Model Comparison Between Thesis and M. Bartosak
The chaboche Viscoplastic model has been modified by several researchers to simulate
a unique mechanical behaviour of the material under study. The constitutive model is
essentially based upon a flow rule and Chaboche -Nonlinear kinematic hardening rule, but
each model consists of several added features to simulate a particular behaviour of the
material.
Amongst them M.Bartosak [ 22 ] developed a Unified Viscoplastic material model and
applied to simulate the response of SiMo4.06 under LCF and TMF loadings.Current research
has also applied a unified viscoplastic model to simulate SiMo4.06 under isothermal LCF,
LCFC and TMF loading conditions, but with a different formulations and features. Following




• M.Bartosak: The objective is Simulation of entire deformation history and its
cyclic evolution throughout the LCF and TMF loading history (initial cycle to
end of life cycle)
• Thesis Research: The objective is Simulation of only stabilised hysteresis loop
in response to LCF, LCFC and TMF loadings
4.4.2 Features
M.Bartosak:
1. Combined Isotropic + Kinematic hardening
2. Strain-rate hardening dependency
3. Strain range dependency
4. Static recovery and dynamic recovery
5. Mean stress evolution
Thesis Research:
1. Only kinematic hardening model
2. Strain-rate hardening dependency
3. No strain-range dependency
4. Static + Dynamic recovery
5. No mean stress evolution
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4.4.3 Formulations : Flow Rule
M.Bartosak
This model is based upon a Hyperbolic sine flow rule which gives a non-linear relationship
between plastic strain rate and viscous stress as shown in the (x = back stress, k = initial
yield stress, R=isotropic hardening/softening function) [  3 ], [  22 ]
ṗ = ∂Ω
∂f
= α sinh〈βf〉 (4.3)
Where, stress function is given by,
f(σ − x) = J(σ − x)− k −R (4.4)
Thesis research
The flow rule in Thesis model is based upon a classical Norton law called as Perzyna
viscoplastic model. This model shows nearly linear relationship between plastic strain rate











4.4.4 Formulations : Hardening Rule
M.Bartosak
A combined Isotropic and kinematic hardening rule has been applied in this case. The
isotropic hardening simulates the cyclic hardening/ softening. Whereas kinematic hardening
allows a combination of multiple back stresses to improve the prediction of the hysteresis
loop shape. The combined model is therefore enabling cyclic evolution of internal variables.
The stress function for the combined hardening involves the isotropic hardening function
R along with back stress x [ 22 ], as shown below.








Only Non-linear kinematic hardening rule is incorporated here to predict the hysteresis
loop behavior in response to cyclic loading. Since the damage rule for Thesis thesis was
incremental in form, only stabilized loop is required to simulate, and so isotropic hardening
was excluded.
The stress function involves only the back stress and initial yield stress (k) as shown
below.
f(σ − x) = J(σ − x)− k (4.8)
4.4.5 Formulations : Back Stress Terms
M.Bartosak




pl − γi (xi − Y i) ṗ− γr [J (xi)]m−1 xi (4.9)
The second term in the above equation is the dynamic recovery term which introduces
non-linearity in the evolution law. This term is modified further to include evolution of mean









Where ab and Yst controls the mean stress evolution.
Thesis research












Whereas there is no mean stress evolution considered here since cyclic evolution is not
the scope of simulation.
4.4.6 FEA Implementation
M.Bartosak
This material model has been implemented in finite element software Abaqus. The model
uses an implicit integration scheme also known as radial return method, and the author has
developed a material subroutine in Abaqus software that contains integration of constitutive
equations together with the Jacobian matrix.
Thesis research
The material model in Thesis model has been implemented in Ansys software. The
viscoplastic model is based upon a combination of build-in material models available in
Ansys material model library.
4.4.7 Results Comparison : Stress-Strain Hysteresis
M.Bartosak
From the figure below, the line passing close to the dots is simulation result. The figure
represents peak stress amplitude evolution from first cycle to end of life. This M.Bartosak
model simulated entire history of loading and cyclic evolution.
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Figure 4.24. Cyclic stress evolution at strain amplitude = 0.006 a model corelation [  22 ]
Thesis Research
This study is based upon an incremental damage rule as discussed in chapter-2, section
2.2. This defined the requirement of the viscoplastic rule to simulate only stabilized hysteresis
loops at each temperature in response to LCF, LCFC and TMF conditions. Thus, cyclic
evolution has not been considered.
The model correlation for the stabilized stress-strain hysteresis loop for all the load cases
are mentioned in section 4.1.1
4.4.8 Results Comparison : Low Strain Rates
M.Bartosak
This model has been able to correlate the simulated hysteresis loop with experimental
data at high temperature and low strain-rates (0.00001/s ) due to several added features in
the model, one such correlation is below:
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Figure 4.25. Hysteresis loop correlation at isothermal LCF at 650°C, strain
amplitude = 0.006 [ 22 ]
Thesis Research
The prediction of hysteresis loop of this model has differences at peak temperature and
low strain rate of 0.00001/s, as shown below.
Figure 4.26. Stress-Strain Hysteresis comparison of Experimental [ 22 ], FEM
[ 22 ], FEM (this study) at Isothermal 650°C LCF Test, 0.00001/s
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4.4.9 Results Comparison : Stress Relaxation
M.Bartosak
The simulated stress relaxation at 400°C, 550°C and 650°C temperatures correlate well
with experiments, one such correlation is shown in the figure below.
Figure 4.27. Simulated stress relaxation correlation at 550°C [  22 ]
Thesis Research
Since both the models contains the static recovery terms, the simulated stress relaxation
correlated well with the experimental results.
Figure 4.28. Experimental and FEA stress relaxation correlation at 550°C [  22 ]
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4.4.10 Results Assessment: Accuracy
M.Bartosak
The model has achieved good correlation with experimental isothermal LCF tests at
strain rates ranging from 0.003/s to 0.00001/s under temperatures ranging between 20°C,
400°C and 550°C and TMF tests.
Thesis Research
The model correlation of stress strain hysteresis loops has been fairly good for isothermal
LCF at 20°C, 400°C and 550°C for strain rates varying between 0.003/s to 0.00001/s, however
the simulated results show differences at 650°C especially at lowest strain rate of 0.00001/s.
A good correlation has been achieved in case of LCFC and TMF, as discussed in chapter 4.
4.4.11 Results assessment: FEA Implementation Ease
M.Bartosak
This model has been implemented using custom material subroutine which requires ex-
pert numerical integration and coding skills. It might not be feasible to develop a user
subroutine for every FEA user. Since the constitutive equation is unique, the model param-
eter calibration and curve-fitting also need to be done by separately
Thesis Research
The thesis viscoplastic model has been implemented in Ansys software using a combi-
nation of material models using the Ansys build-in material model library. This method is
easy to implement since the integration framework is provided by the software and it is easy
to perform model calibration using build-in curve-fitting tool.
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5. CONCLUSION AND FUTURE WORK
5.1 Conclusion
In this thesis, a methodology to implement unified viscoplasticity theory in FEM along
with incremental lifetime damage model has been presented with major conclusions as fol-
lows:
1. A unified viscoplastic material model is implemented in FEA tool to model the
deformations of Fe-3.2C-4.0Si-0.6Mo Cast Iron. The material model is capable of
simulating material deformation dependency on temperature, strain-rates, hold
time as is capable to modeling creep-stress relaxation and fatigue interaction
2. The material calibration techniques for calibrating the model parameters resulted
to a fairly good correlation of FEA derived hysteresis loops with experimental
hysteresis pertaining to Isothermal LCF (ranging from 0.00001/s to 0.003/s),
Isothermal LCF-Creep tests (with hold time) and TMF responses. Thus, the
viscoplastic model is successfully implemented and validated
3. An incremental damage rule has also been implemented in FEA. The FEA life
predictions has been fairly good at room temperature (20C), 400C and 550C
under Isothermal LCF (0.00001/s and 0.003/s) and LCF-Creep tests. The in-
cremental damage model also predicted fatigue life at 650C only at LCF with
0.003/s test
5.2 Future Work
1. Improve calibration techniques for parameter estimation of damage model to
predict Non-isothermal TMF life.
2. Improve the model capability to predict LCF and LCF-Creep life at higher tem-
peratures and low strain rates
3. Apply the techniques for unified viscoplastic model and damage model develop-
ment and calibration for other high temperature alloys
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